The extent of codispersal of symbionts is one of the key factors shaping genetic structures of symbiotic organisms. Concordant patterns of genetic structure are expected in vertically transmitted symbioses, whereas horizontal transmission generally uncouples genetic structures unless the partners are coadapted. Here, we compared the genetic structures of mutualists, the lichen-forming fungus Lobaria pulmonaria and its primary green-algal photobiont, Dictyochloropsis reticulata. We performed analysis of molecular variance and variogram analysis to compare genetic structures between symbiosis partners. We simulated the expected number of multilocus-genotype recurrences to reveal whether the distribution of multilocus genotypes of either species was concordant with panmixia. Simulations and tests of linkage disequilibrium provided compelling evidence for the codispersal of mutualists. To test whether genotype associations between symbionts were consistent with randomness, as expected under horizontal transmission, we simulated the recurrence of fungal-algal multilocus genotype associations expected by chance. Our data showed nonrandom associations of fungal and algal genotypes. Either vertical transmission or horizontal transmission coupled with coadaptation between symbiont genotypes may have created these nonrandom associations. This study is among the first to show codispersal and highly congruent genetic structures in the partners of a lichen mutualism.
The mode of symbiont transmission to the next generation and the extent of codispersal are key factors shaping the genetic structures of symbiotic organisms (Wade 2007) . Strictly vertical transmission leads to similar genetic structures in the symbionts (Bongaerts et al. 2010; Werth and Sork 2010) . Horizontal transmission mode generally uncouples genetic structures of symbionts (Jones et al. 2006; Mulvey et al. 1991; Werth and Sork 2010) , unless hosts exhibit high specificity for specific (e.g., locally adapted) symbionts (Parker and Spoerke 1998) . However, asymmetries in gene flow between symbiotic partners also may cause differential genetic structures in vertically transmitted symbioses (Sullivan and Faeth 2004) .
Congruence in patterns of gene movement promotes coevolutionary processes (Anderson et al. 2004) . Because the outcome of selection acting on a population of one species in a particular environmental setting may depend on the standing genetic variation in a population of an interacting species (Wade 2003) , it is essential to study co-evolutionary patterns, including symbiont transmission mode, at the level of genes and genotypes (Wade 2007) .
In lichen symbiosis, a symbiotic association between a fungus and one or several photosynthetic partners (green-algal or cyanobacterial "photobionts") (Büdel and Scheidegger 2008) , both vertical and horizontal transmission of photobionts to the next generation of mycobionts may occur. In clonally reproducing lichens, the dispersed clonal propagules carry photobiont cells of the "mother" thallus. Vertical transmission of the photobiont occurs if photobionts are recruited from these codispersed cells. In the case of horizontal transmission, photobionts are switched either during the juvenile development of thalli from fungal ascospores or when photobionts are recruited from free-living algal populations or other soredia during the establishment of thalli from clonal propagules (Wornik and Grube 2010) .
The comparison of genetic structures between mycobiont and photobiont populations offers valuable insight into gene flow patterns in the symbionts. In vertically transmitted systems, a high degree of correspondence of genetic patterns between mycobionts and photobionts is expected due to the codispersal of both symbiotic partners, as opposed to horizontally transmitted symbioses, where no such correspondence is expected (Werth and Sork 2010) . If photobionts possess dispersal capability on their own and are incorporated from freeliving populations, gene flow patterns are expected to be skewed, leading to dissimilar genetic structures.
The expected degree of concordance in genetic structures between symbionts also depends on the specificity (taxonomic range) and selectivity (frequency of association with particular photobiont taxa) of the mycobiont species Yahr et al. 2004 ). Many if not most mycobionts are highly specific at the level of species or strains of photobionts (Beck et al. , 2002 Piercey-Normore 2009) . If there is coadaptation between symbiosis partners (e.g., reciprocal adaptation for specific partner genotypes), photobiont switches may not lead to an entirely random association but will shuffle the compatible photobionts between mycobionts of the next generation. In this case, the genetic structures of the symbiosis partners could be concordant even if photobionts are switched during establishment, because coadaptation would create nonrandom associations between fungal and algal genotypes. One emerging pattern from population genetic studies is that photobiont and mycobiont populations often exhibit markedly different genetic structures, which implies the predominance of horizontal transmission of the photobiont and a lack of coadaptation between symbionts (Piercey-Normore 2006; Sork 2008, 2010; Wornik and Grube 2010; Yahr et al. 2006) . Only one study at the range-wide scale has reported partially congruent genetic structures in mycobionts and photobionts, and has emphasized the importance of symbiont codispersal (Fernández-Mendoza et al. 2011) .
The reproductive mode of the mycobiont may impact the genetic architecture of the symbiosis markedly. The relative importance of sexual versus clonal reproductive mode can be inferred by comparing the observed distribution of multilocus genotypes (MLG) with the expectation under random mating. Clonal reproduction reduces the number of MLG and increases the frequency of recurrent MLG (i.e., the number of times an MLG is expected to be observed more than once) (Werth and Sork 2008) .
The difference between observed and expected frequencies of association in the symbiont genotypes reveals whether fungal-algal genotype associations are consistent with randomness, as expected under repeated horizontal transmission of photobiont partners. Vertical transmission reduces the number of associated photobiont MLG and increases the frequency of mycobiont genotypes associating with one or few photobiont genotypes. Second, if a symbiosis were strictly vertically transmitted, assignment tests should reveal congruent assignments of mycobiont and photobiont individuals to the same gene pools, whereas photobiont switches should lead to discrepancies in assignments between symbionts.
Here, we study Lobaria pulmonaria L. (Hoffm.), a charismatic epiphytic lichen that has faced a severe decline in Central Europe due to air pollution and habitat destruction. The primary photobiont of L. pulmonaria is the green-alga Dictyochloropsis reticulata (Tschermak-Woess) Tschermak-Woess (Tschermak-Woess 1995) . Our present analysis is based upon a landscape-level population dataset of associates (2006b, 2007) , which we analyze separately for fungal and algal microsatellite markers sensu Widmer and associates (2010) , adding seven algal and five fungal microsatellites to increase marker resolution. We were mainly interested in possible differences in the genetic structure between L. pulmonaria and its photobiont and in finding out whether the symbiosis partners were codispersed, rather than in performing a detailed analysis of both partners with respect to historic disturbance, which had been studied in detail by Werth and associates (2006b) . In Switzerland, L. pulmonaria has been suggested to reproduce mainly clonally through wind-dispersed soredia (Werth et al. 2006a; Scheidegger and Werth 2009 ). Fertile, apothecia-bearing thalli are found in low frequency in Swiss populations of L. pulmonaria but the relative importance of sexual versus clonal reproduction remains unknown.
Here, we compare the spatial genetic structures of L. pulmonaria and its photobiont using a combination of spatial autocorrelation analyses, analyses of genetic structure, and analyses of the association between photobiont and mycobiont genotypes. One of the aims of our study was to infer the reproductive mode of the lichen fungus and its photobiont, and to assess whether the photobiont was codispersed with the mycobiont. Our main question was whether there was evidence for codispersal and coadaptation of the symbiosis partners.
RESULTS

Population structure.
Results from analysis of molecular variance (AMOVA) indicated that, in both taxa, there was no significant genetic differentiation between groups of populations from the spatially segregated western and eastern parts of the study area ("regions"). In contrast, significant differentiation was observed between samples collected from different 1-ha plots and trees (Table 1) . The genetic structures of mycobionts and photobionts as measured with AMOVA were highly similar at the tree and plot level.
Linkage disequilibrium.
Consistent with a strong signal of clonality in our data, we found significant linkage disequilibrium between all fungal and algal loci. In addition, significant linkage was found in 67 of 70 comparisons between fungal and algal loci (Supplementary Table S1 ). Also, at the level of sampling plots, significant linkage disequilibrium was found (Fig. 1) . In most plots, a high number of markers was linked in the photobiont and the mycobiont and among partners. The fungus showed the strongest signal of linkage disequilibrium, with significant disequilibria in most plots in the east and south of the study area. Interestingly, in two plots in the northern part of the study area, none of the markers were linked, pointing toward fungal recombination. In the algae, a large number of markers showed significant linkage in most plots with sufficient polymorphism.
Spatial autocorrelation and isolation by distance.
The variograms of gene diversity revealed similar patterns for the photobiont and mycobiont, with spatial autocorrelation extending up to 150 m in both. When recurrent MLG were accounted for in the variogram analysis, no significant spatial autocorrelation persisted in either symbiont (Fig. 2) . The plateau value of gene diversity was slightly higher in the alga than in the fungus. Also, the variograms of genotype diversity indicated very similar patterns in both symbionts. Significant spatial autocorrelation extended up to 200 m in the fungus and the alga (Fig. 2C) . When accounting for the effect of genetic distance between algal populations, the partial Mantel test of geographic distance and genetic distance among fungal populations was not significant (r M = -0.093, P = 0.932).
One-to-many associations.
In the 887 individuals included in the study, we did not find evidence of individual thalli containing multiple algal or fungal genotypes, as indicated by the presence of a single allele at each microsatellite marker per individual. However, we had deliberately excluded an additional 15 thalli that contained multiple alleles in the three-locus data (Werth et al. 2006a ). These thalli containing multiple alleles were not randomly distributed across the landscape: 12 of 15 occurred within two plots and, in 12 samples, the same algal allelic combination was found, indicating that, during clonal propagation, multiple photobionts can be transmitted. However, overall, one-to many associations of symbiont genotypes appeared to be rather rare: only 0.3% of thalli had multiple fungi, and 1.6% of thalli included multiple photobionts (all numbers are based on three-locus data sets).
Mycobiont and photobiont diversity and genetic distance.
Information on the number of alleles at each marker and plot, as well as the number of algal and fungal MLG, is presented in Supplementary Table S2 . The fungal marker LPu24 was monomorphic in our study area. The maximum number of alleles found in any of the loci was 48 (fungal marker LPu25). Nei's unbiased gene diversity was strongly and significantly correlated between mycobiont and photobiont populations ( = 0.796, P < 0.0001). The mean gene diversity was somewhat higher in the photobiont (0.357) than in the mycobiont populations (0.269), a difference that was significant (t = -4.82, df = 40, P < 0.0001; mean of the differences = 0.088). The partial Mantel correlation between fungal and algal genetic distance matrices was highly significant when accounting for geographic distance (r M = 0.384, P < 0.001).
Expected frequency of recurrent MLG.
Our dataset consisted of 139 fungal and 209 algal MLG. At the landscape level, our data deviated markedly from the expectation of MLG numbers and MLG recurrence under pan- mixia. The average expected total number of MLG, assuming a sexual population and no linkage, was significantly higher than the observed total number for both symbiosis partners (permutation test, 1,000 permutations, P < 0.001). The average expected number of fungal MLG was 732.7, whereas 139 fungal MLG were observed. For the alga, the average expected number of MLG was 880.1 but only 209 algal MLG were found in our data. The recurrence of MLG was slightly increased in the observed data in both partners relative to the expectation under sexual reproduction, a pattern that is consistent with predominantly clonal reproduction ( Fig. 3A and B) .
At the level of sampling plots, a similar pattern was observed (Table 2 ; Fig. 4 ; Supplementary Table S3) . In six plots, only one single fungal MLG was found and, in four plots, a single algal MLG was found, implying clonality. In 27 plots (65.9%), the observed number of fungal MLG was significantly smaller than the expectation under plot-level panmixia. In 31 plots (75.6%), the observed number of algal MLG was significantly smaller than expected under panmixia. Taking both of the above results together, 33 plots (80.5%) showed evidence of fungal clonality and 35 plots (85.4%) evidence of algal clonality (Fig. 4) . Plots with a clonal mode of propagation in both fungi and algae were concentrated in the eastern and southern parts of the study area. In contrast, plots where either the fungi or algae showed evidence of either sexuality or switching of photobionts during thallus establishment from clonal propagules occurred spatially aggregated in the northern part of the study area.
Mycobiont-photobiont genotype and gene pool associations.
Relative to the expectation under random association of fungal and algal MLG at the landscape level, the frequency of mycobiont MLG associating with a single algal MLG was significantly increased; consistent with vertical transmission, 69.8% of the fungal MLG associated with a single algal MLG (permutation test, P < 0.001, 1,000 permutations) (Fig. 3C) . Also, the frequency of algal MLG associating with a single fungal MLG was significantly higher than expected by chance, pointing toward the importance of clonality (permutation test, P < 0.001, 1,000 permutations).
At the level of sampling plots, in 4 of 19 plots with high enough polymorphism to perform the calculations, the observed number of fungal MLG associated with a single algal MLG was consistent with random association (Table 3) . Interestingly, based on the observed and expected number of fungal and algal MLG, both partners were considered to be clonal in these same plots, implying photobiont switching during the establishment of lichen thalli from clonal propagules. In the remaining plots, the data were consistent with vertical transmission mode.
A number of mycobiont MLG were observed in association with several algal MLG, indicating that some horizontal transmission of the photobiont is likely to have occurred during the history of association between symbiotic partners. For example, one fungal MLG associated with 16 algal MLG, a second with 10 algal MLG, and a third with eight algal MLG ( Fig. 3C ; Table  4 ). The first and last of these were found in two adjacent plots in the southern and northern part of the study area, respectively. The fungus associating with 10 algal MLG was found in seven plots in the southern part of the study area and in two plots in the north and east, respectively. Thus, the fungal MLG associating with many algal MLG occurred spatially clustered. In contrast, the algal MLG associated with up to five fungal MLG but 90% of all algal MLG associated with a single partner.
In both the photobiont and the mycobiont, the most likely number of gene pools as determined with Bayesian analysis of population structure was K = 2. In the majority of plots (73.1%), Bayesian analysis of population structure showed congruent assignments of thalli to fungal and algal gene pools at the plot level (Fig. 5) ; at an individual level, 54.7 % of the individuals showed congruent assignments to gene pools. In the southern and eastern parts of the study area, two plots each showed incongruence. In the northern part of the study area, seven plots showed incongruence in individual assignments between fungi and algae; these were spatially aggregated.
DISCUSSION
L. pulmonaria and its green-algal photobiont, D. reticulata, showed a strikingly similar genetic structure in our study landscape: The variance components in AMOVA were similar in Fig. 3 . Frequency of unique and recurrent multilocus genotypes based on the alleles at A, 10 algal and B, 7 fungal microsatellite markers of the epiphytic lichen Lobaria pulmonaria. Expected values were based on simulations of the expectation for a randomly mating population using the observed allele frequencies (gray bars). Observed frequencies give the number of times the observed 139 fungal and 209 algal multilocus genotypes were sampled once or recurrently (black bars). C, Frequency of the association of mycobiont multilocus genotypes with photobiont multilocus genotypes, based on the observed frequencies of fungal and algal multilocus genotypes in a sample of 887 thalli of the epiphytic lichen Lobaria pulmonaria. Expected values were based on 1,000 simulations assuming random association of photobiont and mycobiont genotypes, corresponding to horizontal transmission mode of the photobiont. Vertical transmission mode increases the frequency of mycobiont genotypes associated with one algal multilocus genotype. magnitude, the spatial autocorrelation structure of the data was comparable, fungal and algal genetic distance matrices were significantly correlated, and fungi and algae were assigned to the same gene pools in the majority of plots. We are unaware of any other studies that report such a high degree of correspondence between mycobiont and photobiont populations of lichens at a similar spatial scale as our study. In a recent phylogeographic study, the importance of codispersal of photobionts with mycobionts was highlighted for Cetraria aculeata, a lichen occurring in temperate and polar Northern Hemispheric as well as Antarctic habitats; this species showed a partial congruence between fungal and algal genetic structures (Fernández-Mendoza et al. 2011 ). Photobionts and mycobionts showed slightly different patterns at the range-wide scale: whereas the photobiont populations were differentiated between temperate and polar regions, the mycobiont populations were structured by climate and geography. Several previous studies have found elevated levels of population structure in photobionts, relative to their mycobionts (Piercey-Normore 2006; Werth and Sork 2010; Yahr et al. 2006) . Our data showed no such tendency of the photobiont to be more structured, nor did the data on C. aculeata by Fernández-Mendoza and associates (2011).
Unavailability of suitable photobionts could be another reason why sexual reproduction involving photobiont switching appears to be rare in our study area. The photobiont D. reticulata has not been reported to form free-living populations (Dal Grande 2011). Second, attempts to demonstrate the presence of free-living populations of this species have been unsuccessful (R. Stecher and C. Scheidegger, unpublished data). Third, D. reticulata is not a frequent photobiont in Central Europe whereas it appears to be more common in southern Europe (Dal Grande 2011). Thus, for the establishment of thalli from spores, photobionts would mainly have to be recruited from dispersed soredia of conspecific individuals.
The high level of congruence of fungal and algal genetic structures in our system might also be partially due to the history of forest stands and the spatial scale of the study. For instance, stands affected by historic, stand-replacing disturbance showed elevated levels of clonality relative to forest managed by uneven-aged forestry. Second, our study was conducted within a relatively small area, within which clonality may represent an important mode of propagation. Thus, a certain degree of congruence in symbiosis partners was to be expected in our study system. The congruence in genetic structures implied that gene- a N = sample size; obs.MLG = observed number of fungal and algal MLG; Exp.MLG = mean expected number of MLG based on 1,000 simulation replicates; and P Smaller or P Equal = the probability that the observed number of MLG is smaller than or equal to, respectively, the expected number determined from 1,000 simulation replicates.
Fig. 4.
Reproductive mode in plots of Lobaria pulmonaria and its green-algal photobiont Dictyochloropsis reticulata, inferred from 1,000 simulations of microsatellite data assuming panmixia within plots. Symbols are proportional to the sample size in order to downscale plots, where the results could be biased owing to low sample size. flow patterns were symmetrical in L. pulmonaria and D. reticulata. Symmetrical gene-flow patterns have also been found in other mutualisms, e.g., in corals and vertically transmitted dinoflagellates (Bongaerts et al. 2010 ) and in legumes and horizontally transmitted nitrogen-fixing bacteria (Parker and Spoerke 1998 (Mikheyev et al. 2008) , squids and horizontally transmitted light-organ inhibiting-vibrios (Jones et al. 2006) , and carnivorous plants and horizontally transmitted hemipteran insects (Anderson et al. 2004) . Similar patterns of gene flow in interacting species may promote local adaptation and coevolutionary processes when long time periods are considered (Anderson et al. 2004 ). The L. pulmonaria-D. reticulata mutualism showed significant genetic structure, corresponding to restricted gene flow at the local scale. Our study raises the question of whether the high congruence between symbiosis partners found at the small spatial scale of our study transcends into a larger-scale pattern of phylogeographic congruence in L. pulmonaria and its green-algal photobiont. Phylogeographic data and detailed analysis of single populations in continental Europe indicate that this is, indeed, the case (Dal Grande 2011; Dal Grande et al. submitted ; Widmer 2009; Widmer et al. submitted) . Moreover, similar to the results reported here, these authors found that, even at the large spatial scale, photobiont switches occurred rather infrequently. It is interesting that the results of genetic congruence between symbionts and infrequent photobiont switches were not only found at the small spatial scale of our study, which showed a clear signature of spatial autocorrelation at short distances, but that this same pattern also was observed in the large-scale phylogeographic study of the symbiosis.
We did not find major differences between photobiont and mycobiont spatial genetic structures (Fig. 2) . This lack of difference is unlikely to be due to the number of markers. Adding markers increases marker resolution-samples that are considered as clones with fewer markers could differentiate into multiple clones if markers are added. This would lead us to expect a smaller extent of spatial autocorrelation in genotype diversity and unweighted gene diversity in the species with higher marker resolution (i.e., the photobiont) but no such difference was evident in our data.
We found a high degree of congruence in the genetic structures of the symbiosis partners. One possible scenario that might create such congruence is vertical transmission mode. For instance, vertically transmitted coral and dinoflagellate mutualists showed congruence in genetic structures (Bongaerts et al. 2010) . Coral and dinoflagellate genotypes were coupled, indicating coadaptation of symbionts. The pattern observed in corals and dinoflagellate symbionts is similar to what we found in the lichen symbionts.
Congruent structures are expected even if a symbiosis is not vertically transmitted, if selection favors the incorporation of specific symbiont genotypes co-adapted to the mycobiont. Predominantly vertically transmitted mutualists showed discordant genetic structures when horizontal transmission was rare, and the partners were not co-adapted (Mikheyev et al. 2007 ). That we found congruent genetic structures despite evidence for horizontal transmission at both the landscape-scale analysis and the level of individual sampling plots supports the hypothesis of coadaptation (i.e., high specificity toward specific partner genotypes in the L. pulmonaria-D. reticulata mutualism). However, this does not mean that this coadaptation translates to a codiversification among fungal and algal species (Piercey-Normore and DePriest 2001).
In both partners, two spatially intermixed gene pools coexist but the mechanisms maintaining these separate gene pools are unknown. Environmental heterogeneity within plots (e.g., related to light regime or microhabitats for establishment) might potentially help to keep these separate gene pools at this small spatial scale.
We found a strong signal of clonality in the data, as evidenced by the presence of significant linkage disequilibrium between all fungal and algal loci, and significant linkage in the majority of comparisons between fungal and algal loci, at both the landscape and plot level. Also, our simulation tests pointed toward the importance of clonal reproduction in the lichen fungus and its photobiont. The observed number of fungal and algal MLG was significantly lower than the number expected under random mating in the landscape-scale analysis and in the majority of individual sampling plots. Together, these results imply that photobionts are predominantly codispersed in clonal propagules. However, this does not mean that the photobionts are necessarily recruited from the cells contained in an clonal propagule, because photobiont switching may occur during juvenile development (Wornik and Grube 2010) . The result that fungal MLG that were associated with many photobiont MLG were geographically restricted and occurred in relatively few plots indicated such photobiont switching may, indeed, occur when L. pulmonaria thalli are recruited from clonal propagules. In many other lichen fungi, sexual reproductive mode has been reported (Arnerup et al. 2004; Högberg et al. 2002; Kroken and Taylor 2001; Werth and Sork 2008) . Our finding of photobiont clonality is consistent with the concept that photobionts do not undergo sexual reproduction when in the lichen thallus (Ahmadjian 1993; Friedl and Büdel 1996; Hill 2009 ); thus far, only one study has reported evidence for sexual photobiont populations (Kroken and Taylor 2000) .
We found a slight asymmetry in the association of fungal and algal MLG with a single partner (69.8 versus 90.9%). This result could be an artifact of the different resolution of fungal and algal markers. The algal markers had more alleles and resolved more MLG (139 fungal versus 209 algal MLG) and, thus, in the alga, more MLG would be expected to be found in association with a single partner.
Our data do not allow concluding whether the photobiont of L. pulmonaria is vertically transmitted or, alternatively, if photobiont switches and hence, horizontal transmission mode are frequent; however, in the latter scenario, both partners would be highly coadapted at the level of MLG. In other mutualisms, ample evidence for host switches has been found; for instance, in insects and their endosymbiotic bacteria (Huigens et al. 2000; Viljakainen et al. 2008) , in fungus-growing termites and fungal cultivars (Aanen et al. 2002) , or in certain corals and their symbiotic dinoflagellates (Loh et al. 2001) . Horizontal transmission mode has previously been reported for lichen symbioses (Piercey-Normore and DePriest 2001; Robertson and PierceyNormore 2007; Werth and Sork 2008; Wornik and Grube 2010) . Photobiont switches are expected to be beneficial for the mycobiont if the local pool of photobionts is better adapted to the environmental conditions of a particular site than the photobiont strain carried along by a clonal propagule (Werth and Sork 2010; Wornik and Grube 2010) . Some frequent fungal MLG occurred in association with multiple algal genotypes in our data, and discrepancies in assignments of fungi and algae to gene pools existed, both pointing toward episodes of horizontal transfer. In some cases, photobiont exchanges may occur even if a symbiosis is mainly codispersed, such as in asexual fungal species (Nelsen and Gargas 2008; Wornik and Grube 2010) . It is remarkable that, in our data, despite evidence for horizontal transmission, congruent genetic structures were found in the symbionts, because a few photobiont switches would disentangle genetic structures unless fungi and algae are coadapted; in this case, only specific associations between genotypes are viable, creating associations between symbiont genotypes.
Other studies have shown the presence of multiple photobionts in lichen thalli (del Hoyo et al. 2011; Piercey-Normore 2006) . One fungal species consistently associated with two species of Trebouxia photobionts (del Hoyo et al. 2011 ) and, in a second lichen, multiple algal genotypes frequently coexisted within a single thallus (Piercey-Normore 2006) . Here, we found that such one-to-many associations are comparatively rare in L. pulmonaria (0.3% of thalli had multiple fungi and 1.6% had multiple photobionts). The same combination of two-allelic loci occurred in multiple specimens, most of which occurred spatially aggregated in two of the plots. These results indicated that, occasionally, multiple photobiont genotypes can be co-dispersed with the fungus in the isidioid soredia of L. pulmonaria.
Our conclusions on fungal genetic structure and spatial autocorrelation patterns are consistent with those of prior studies that included a mix of photobiont and mycobiont loci, when intending to study fungal genetic structure Werth et al. 2006b Werth et al. , 2007 . The general structure of the two AMOVA models remained the same, and the patterns of spatial autocorrelation in gene diversity and genotype diversity were very similar if the eight fungal microsatellite loci were employed, or a combination of six algal and fungal loci as in the previous articles, emphasizing the genetic similarity of the symbiosis partners.
Both L. pulmonaria and its photobiont showed spatial autocorrelation in gene diversity and genotype diversity at short spatial scales. Significant genetic structure at small spatial scales may be created if most propagules disperse and establish close to the parental genets. Thus, at short distances (e.g., within plots), genotypes are more similar to each other than expected by chance. For example, if samples collected from different trees within plots are compared, their allelic frequencies may differ due to the influence of local dispersal within trees. Owing to the influence of long-distance dispersal, at larger spatial scales, allele frequencies get homogenized (e.g., comparison between regions). Thus far, no significant spatial autocorrelation in genotypes has been found in other lichen fungi (Lättman et al. 2009; Lindblom and Ekman 2006; Werth 2010b; Werth and Sork 2008) , and the spatial structure of individual photobiont species has not been reported. Here, autocorrelation analyses based on variograms showed that isolation by distance was an important force structuring populations of both fungal and algal mutualists at fine spatial scales, even though this pattern was not obvious in the partial Mantel test, likely because the plot-based distance matrices mainly contained distances larger than 150 m (801 of 820), distances at which little or no spatial autocorrelation remained.
Although the pattern of spatial autocorrelation in genotype diversity was similar in the symbionts, one emerging difference was that gene diversity was slightly higher in the algal than in the fungal data, consistent with the results of rarefaction analyses of a subset of fungal and algal microsatellite markers (Werth 2010a) . Moreover, our result of higher diversity in the photobiont is in agreement with the pattern found in other lichen symbioses (Blaha et al. 2006; Muggia et al. 2008; Ohmura et al. 2006; Opanowicz and Grube 2004; Werth and Sork 2010) .
In conclusion, the genetic structures of the mutualists L. pulmonaria and D. reticulata were highly similar. The pattern of association between fungal and algal loci and genotypes and the congruence in genetic structure indicated that the reproductive mode of both species was clonal, involving codispersal of the photobiont in clonal propagules. Our data were consistent with recruitment of the photobiont from codispersed cells originating from the mother thallus (i.e., vertical transmission) or with photobiont switching and the incorporation of coadapted photobionts during thallus establishment from clonal fungal propagules. The degree of coadaptation among symbionts and the extent of codispersal are important evolutionary forces that ultimately determine the large-scale genetic architecture of symbioses.
MATERIALS AND METHODS
Data sets and molecular analysis.
The study is based upon an existing dataset comprising 887 thalli of L. pulmonaria genotyped at six microsatellite loci (Werth et al. 2006b (Werth et al. , 2007 . Moreover, we genotyped the same samples at five additional fungal microsatellites (LPu23, LPu24, LPu25, LPu28, and MS4) (Walser et al. 2003; Widmer 2009 Widmer , 2010 and seven algal microsatellites (LPh1, LPh2, LPh3, LPh4, LPh5, LPh6, and LPh7) (Dal Grande et al. 2009 ). Polymerase chain reaction and fragment length analyses were performed as described in Widmer (2009) for the fungal loci, and in Dal Grande and associates (2009) for the additional algal microsatellites.
Study area and sampling.
The study area was situated in a pasture-woodland landscape of the Swiss Jura Mountains. The thalli of L. pulmonaria were collected from a total of 41 plots of 1 hectare ("populations"). Of the 41 plots, 21 had been subjected to stand-replacing disturbance in the 19th century. The entire study area had been managed by uneven-aged forestry, a management practice involving the cutting of single large trees, which results in a forest containing trees of all age classes. More details about the study area are found in Kalwij and associates (2005) and Werth and associates (2006b) ; the sampling design is presented in associates (2006b, 2007) . In short, plots were located within a maximum distance of 3.5 km, and contained 1 to 25 trees colonized by L. pulmonaria.
Statistical analysis.
We analyzed the spatial genetic structure of L. pulmonaria and its primary photobiont, the green alga D. reticulata. To test for differences in genetic structure among symbionts, we performed hierarchical AMOVA in Arlequin version 3.11 (Excoffier et al. 2005) . Two nested models were used; in the first, trees on which the lichen thalli had been sampled were nested within 1-ha plots whereas, in the second, 1-ha plots were nested within two regions representing continuous forests, separated from each other by an approximately 1-km-wide pasture representing a potential barrier to gene flow.
If either of the lichen symbionts were reproducing mainly clonally, one would expect a statistically significant association of its loci. To test for an association among the fungal and algal loci, we performed tests of linkage disequilibrium in Arlequin on the entire data set. We also tested whether any of the fungal loci were significantly linked with algal loci. The latter would be the case if the photobiont were codispersed with the fungus during clonal reproduction of the fungus (i.e., vertical transmission of the photobiont) or, alternatively, if there was horizontal transfer and strong coadaptation among the partners of the symbiosis. Linkage tests were performed for both the total data set and each sampling plot alone. Because these tests can only be performed in plots with a certain level of polymorphism and a sufficiently high sample size, we excluded plots that were monomorphic or showed very low variability or very low sample size.
To assess whether there was fine-scale isolation by distance in the mycobiont and photobiont, we performed spatial autocorrelation analyses using a variogram framework, following the methods given by Wagner and associates (2005) and Werth and associates (2006b) . First, we calculated variograms of gene diversity, including or downweighting recurrent fungal or algal MLG. Any discrepancy in the spatial extent of significant autocorrelation of the two analyses illustrated the relative importance of clonality in creating a spatial genetic pattern of the symbionts. Second, to infer the spatial extent of clonal genetic structure in the mycobiont and the photobiont, we calculated variograms of genotype diversity . In all variogram analyses, the significance of positive spatial autocorrelation was assessed with a one-sided Mantel test applying progressive Bonferroni correction. All variogram analyses focused on fine-scale differences at the level of a few hundred meters (i.e., up to 500 m).
To test whether there was large-scale isolation by distance in the mycobiont and photobiont populations, we performed partial Mantel tests (Mantel 1967 ) using 1,000 permutations of Euclidean geographic distance and Roger's Euclidean distance among fungal or algal populations calculated in R (R Development Core Team, Vienna) using the function "dist.genepop" in the package adegenet (Jombart 2008) . The Mantel correlation coefficient r M , calculated as Spearman's rank correlation coefficient, quantified the partial correlation between geographic and fungal genetic distance, when the effect of algal genetic distance had been removed. The partial Mantel tests was performed using the library "vegan" version 1.6.7 (function "mantel") (Dixon 2003) in R.
To test for an association of mycobiont and photobiont diversities at the plot level, Nei's unbiased gene diversity (Nei 1978) was calculated using a resampling procedure that randomly drew one thallus per tree and created 1,000 resampled datasets, as described by Werth and associates (2006b) . For each plot of 1 ha, the mean gene diversity was calculated averaging over 1,000 resampled datasets. To test whether Nei's unbiased gene diversity was correlated in the photobiont and the mycobiont, we calculated the Spearman's rank correlation coefficient, , and its significance using the function "cor.test" in R. Then, we tested whether the mean of Nei's unbiased gene diversity differed between mycobiont and photobiont using a two-sided, paired Student's t test assuming unequal variances in R (function "t.test"). If the symbioses were mainly codispersed, the genetic distance matrices of the symbionts would be predicted to be correlated when accounting for the potential effect of geography. Thus, we computed the partial Mantel correlation of fungal and algal genetic distance in R, removing the effect of geographic distance and using the same settings as in the partial Mantel test above.
In order to evaluate whether the fungal and algal microsatellite data were consistent with sexual or a mix of sexual and clonal reproduction, we performed a simulation test comparing the observed numbers of multilocus fungal and algal genotypes in our sample of 887 thalli against the expectation under random mating with complete sexual reproduction. This test also assumed no geographic barriers to gene flow, which was appropriate because our previous analyses indicated the lack of barriers in our study landscape (Werth et al. 2007) . Nevertheless, we also performed the same test assuming panmixia at the plot level. Relative to sexual reproduction, clonality reduces the number of MLG in a sample and increases recurrence of MLG (i.e., the number of times that an MLG is expected to occur more than once) (Werth and Sork 2008) . For each of 1,000 simulation replicates, 887 algal and fungal MLG were constructed, assuming observed allele frequencies-first, at the landscape level, and second, at the level of sampling plots-and no linkage disequilibrium (Werth and Sork 2008) . Then, based on the proportion of resamples with a smaller or equal value than the observed number of fungal or algal MLG, we calculated the probability that the observed number was smaller than (P smaller ) or equal to (P equal ) the expectation under panmixia.
Even if the reproductive mode of both symbiosis partners were clonal, it could still be that photobionts are regularly exchanged when lichen thalli are recruited from clonal propagules. Whereas horizontal transmission shuffles fungal and algal MLG, vertical transmission increases the frequency of mycobiont MLG associated with only one photobiont genotype, as well as the frequency of photobiont MLG associated with a single mycobiont MLG. To test whether the fungal-algal association deviated from randomness as expected under horizontal trans-mission, we performed a second simulation test comparing the observed frequencies of fungal eight-locus genotypes found among 887 thalli of L. pulmonaria in association with one or multiple algal MLG with the frequency of the association expected under randomness, based on the same sample size. First, for each of 1,000 simulation replicates, the algal MLG were shuffled with replacement in R keeping the fungal MLG constant, and assuming observed frequencies of fungal and algal MLG. Second, for 1,000 replicates, we shuffled the fungal MLG with replacement while keeping the algal MLG constant. To assess whether the frequency of genotype associations was consistent with horizontal transfer, we calculated the proportion of simulation replicates where the observed number of algae and fungi associated with a single MLG of their partner was significantly higher than the expectation under randomness. We performed this analysis on the total dataset (assuming that photobiont switching is possible among partners dispersed among different plots) as well as at the plot level. For the plot-level analysis, we excluded plots that contained fewer than five MLG in either of the symbiosis partners, as in low-diversity plots, only few links between the partners are possible. Moreover, here we distinguished between the number of fungal MLG that were associated with a single algal MLG and those associated with multiple algal MLG. We calculated the probability that the observed number of fungal MLG associated with a single algal MLG was smaller (P S.Smaller ) than or equal to (P equal ) the expectation under random association (i.e., shuffling algal MLG within plots). The probability (P M.Smaller ) that the observed number of fungal MLG associated with multiple algal MLG was smaller than the expectation under random association was 1 -(P S.Smaller + P equal ).
Bayesian analyses of population structure were performed in order to test whether fungi and algae were consistently assigned to the same gene pools, as expected under vertical transmission mode. Bayesian analysis of population structure assigns individual MLG to a predefined number (K) of panmictic populations. We ran the program Structure version 2.3.3 (Pritchard et al. 2000) using correlated allele frequencies (Falush et al. 2003) for 10 replicate runs for each K  {1,…,10}, using 10,000 iterations as burn-in followed by 100,000 iterations during which the posterior distribution of parameters was sampled. Plots of  and F ST were inspected visually to ensure that runs had reached convergence after the burn-in period. We utilized an admixture model, which estimated the fraction of ancestry of each individual in each gene pool. A uniform prior on admixture, , was assumed for all gene pools. Individuals with 80% probability of ancestry in a particular gene pool were treated as assigned to that gene pool, whereas individuals with <80% probability of ancestry in any gene pool were considered to be "unassigned". The number of gene pools was inferred using the method by Evanno and associates (2005) . Briefly, the statistic K is based on the rate of change in log likelihoods of the data between successive values of K. The most likely number of gene pools is the mode of the distribution of K over K (Evanno et al. 2005) .
